De-alloying mechanism of Ag-Al alloys in 5 wt% hydrochloric acid (HCl) was investigated by both microstructure examination and electrochemical noise (EN). The wavelet transform has been used to analyze the EN data. Two phases formed in the Ag-Al alloys: the α-Al as matrix and the γ-Ag 2 Al intermetallic phase. The volume fraction of γ-Ag 2 Al became higher with the increasing of Ag content. Both α-Al and γ-Ag 2 Al phases dissolved during the de-alloying process. Based on the energy distribution plot (EDP) obtained from the EN data, it is demonstrated that the de-alloying ofAg 30 Al 70 was mainly controlled by Al dissolution, which leaded to non-uniform nanoporous structures. For Ag 40 Al 60 , it was mainly γ-Ag 2 Al dissolution, which leaded to coarser nanoporous structures. For the Ag 35 Al 65 near the eutectic point, the de-alloying mechanism was the concurrent uniform dissolution of α-Al and γ-Ag 2 Al, which had good effect on the homogeneous diffusion formation of ligament and nanopore in nanoporous Ag.
INTRODUCTION
In recent years, nanoporous metals have received great attention due to their unique mechanical, physical and chemical properties, as well as their potential broad usages such as sensor, hydrogen storage and support for enzymes [1] [2] [3] .
A template method is commonly used to manufacture various nanoporous materials with ordered porous structures. The template method is technically difficult and time-consuming. Instead, deploying, as a simple and effective strategy, is widely used to produce well defined 3D bi-continuous nanoporous structures. The so-called de-alloying is a corrosion process, during which the more negative potential components are dissolved first, remaining the more stable elements simultaneously. Compared with other methods, deploying can provide the maximum flexibility in modulating the microstructure and make the lengthy scale of the porous shrunken from micro to nanometer by composition optimization [4] [5] [6] [7] [8] [9] [10] .
Recently, Ag and Al have received attention as a substitution of Au due to their cheap cost, high electrical and thermal conductivity, and relatively higher strength [11] . Some de-alloying methods for the fabrication of nanoporous Ag from Ag-Al have been reported [12] [13] [14] [15] . Two phases involved in this binary system, namely, the α-Al as matrix and γ-Ag 2 Al intermetallic phase, with the composition range of 40-100 at% Al in the Ag-Al phase diagram [16] . Compared with Ag, α-Al and γ-Ag 2 Al have lower potential. So the Ag element in α-Al phase may induce the dissolution of Al or γ-Ag 2 Al forming in the nanoporous Ag. But the evolution process of Ag nanoporous structure, the formation time of nanoporous structure and the relative energy in formation of nanoporous structure are still not sufficiently clarified.
The electrochemical noise (EN) measurement is a useful technology for monitoring the series of corrosion process [17] [18] [19] [20] [21] . During the corrosion process, both electric potential and current fluctuation can supply much information about the corrosion, e.g. the form of the corrosion, the needed energy, and the formation time of different corrosion. So EN has been widely used in monitoring the corrosion processes in stainless steel, magnesium alloy and aluminum alloy. Klapper [22] have considered the influence of the cathodic process on the interpretation of EN signals arising from pitting corrosion of stainless steel. However, using EN signals to analyze the de-alloying and corrosion process of Ag-Al alloys has never been reported.
De-alloying occurs when the alloy loses the active component of the metal and retains more corrosion resistant component in a porous "sponge" on the metal surface. It can also occur by redeposition of the more corrosion resistant component on the metal surface. In this paper, we will report the evolution process of nanoporous Ag from the Ag-Al alloys with the trace of its EN signals. Ag-Al alloys with different atomic fractions of Ag are used in order to examine the composition effect on the formation mechanism of nanoporous structures. X-ray diffraction (XRD) patterns of the starting and de-alloyed Ag-Al alloys were collected in the range of 20-80° with a scanning rate of 4 o /min. The microstructures of the samples and the dissolution of Al and γ-Ag 2 Al were observed by scanning electron microscopy (SEM). The thin foil samples for cross-sectional transmission electron microscopy (TEM, Tecnai G2 F20) characterization were fabricated using dual-beam focused-ion-beam (FIB) system (Seiko, SMI3050).
EXPERIMENTAL
Electrochemical noise measurements were performed with an Auto-lab electrochemical workstation equipped with electrochemical noise module. Two identical specimens were used as the working electrode and a saturated calomel electrode (SCE) as the reference electrode, respectively. The electrochemical current noise was measured as the galvanic. Coupling current between two identical working electrodes (WE) kept at the same potential, and EN data was simultaneously recorded as a function of time for 2500 s. Each set of EN records, containing 400 datum points, was recorded with a datum-sampling interval of 0.25 s. Twenty-five time records were analyzed for each Ag-Al alloy.
Noise data were transformed into the Fast Wavelet Transform algorithm (FWT). To characterize the Fast Wavelet Transform results in more details, the relative energy of each crystal to the overall signal can be estimated by the energy distribution plot (EDP), which is the plot of the relative energy accumulated by each crystal versus the crystal name. The energy of the whole signal is calculated as follows:
The relative energy associated with each crystal to the overall signal can be calculated as follows:
In our study, we can use EDP (E d j and E s j versus crystal) to characterize the de-alloying mechanism of the Ag-Al alloy Figure 1 (a), it is clear that the precursor AgAl alloys consists of two distinct phases: face centered cubic (FCC) α-Al (Ag) phase and hexagonal closed packing (HCP) γ-Ag 2 Al phase, and the volume fraction of the γ-Ag 2 Al phase appears to be higher with increasing Ag content. Upon rapid solidification of these alloys, the Al-rich phase is enveloped by the camber-like Ag-rich phase, and the grain size of the two phases is very fine in the range of 90 μm [12] . The XRD patterns of the de-alloyed foams are shown in Figure 1(b) . The diffraction peaks show that the α-Al (Ag) and γ-Ag 2 Al phases gradually disappear, which result in the final single FCC Ag phase in the fully de-alloyed samples. For the samples de-alloyed for 5min, the band at the surface divided into two kinds of regions: loose regions with more cracks and uniform regions with less cracks (Figure 3 (b) ). For the samples de-alloyed for 10 mins, the amount of loose regions significantly increased, and the Ag bands at the surface were cut apart by large cracks (Figure 3 (c) ). With the further increase of de-alloying time, the porous structure became bi-continuous, which is good for the property (Figure 3 (d) ). Figure 5 shows the typical TEM images of the Ag 35 Al 65 alloy ribbons de-alloyed in the 5 wt% HCl solution for 0 and 30 min. The TEM results in Figure 5 (a) also reveal that the as-melt-spun sample consists of only two phases. It is consistent with the XRD results in Figure 1(b) . De-alloyed for 30 mins, single nanoporous Ag phase is seen in Figure 5 (b), with high specific areas. On the surface of ligament, the nano silver particle structure forms. 
RESULTS

Phases transition during the de-alloying process
Microstructure evolution during the de-alloying process
EN characteristics evolution during the de-alloying process
For the Ag 30 Al 70 alloys, when the immersion period was shorter than 1500 s in Figure 6 (a), fast current signal transients were seen, and the potential was gradually increasing. This phenomenon indicated the balance for anodic and cathode reactions on the Ag 30 Al 70 surface. After 1500 s immersion Figure 6 (a), the relationship between potential noise and current noise could be described as: a positive or negative potential noise responded to a negative or positive current noise shift, respectively. It implied the occurrence of pitting corrosion in Ag 30 Al 70 . The number of fast transients was small, reflecting the competition process of meta stable pitting and re-passivation of Ag 30 Al 70 alloys was not actively.
For the Ag 35 Al 65 alloys, during the whole immersion period from 0 to 2500 s, there was no apparent competition process of meta stable pitting and re-passivation in Figure 6 current signal transients as well as the gradual increase of potential over the entire time period, it is revealed that the main corrosion type and mechanism was uniform and steady corrosion.
For the Ag 40 Al 60 alloys, when the immersion period was shorter than 650 s in Figure 6 (c), the fast current signal transients and the gradually increasing potential were seen. After 650 s immersion, the current noise perturbed positively or negatively in a larger amplitude and higher frequency, while the potential noise shifted negatively or positively respectively. The number of fast transients was huge, implying that meta stable pitting and repassivation of Ag 40 Al 60 proceeded. 
DISCUSSION
Effect of Ag content on the microstructure and phase during de-alloying process
Ag-Al alloys consist of α-Al and γ-Ag 2 Al phases, and the amount of γ-Ag 2 Al phases enlarges with silver content enlarging. Moreover, α-Al is the fastest continuously dissolved phases and γ-Ag 2 Al phases dissolve secondly and leaving Ag atoms are at the passive surface, exhibiting smaller nanopores. This fact that the amount of α-Al decreases, but that of γ-Ag 2 Al increases with increasing Ag content in the melt-spun alloys has been reported earlier [3] .
Furthermore, according to the surface-diffusion controlled coarsening mechanism, the D (s) should be estimated by the equation: Where d(t) is the ligament and pore size at etching time t, k is Boltzmann constant, T is the dealloying temperature, γ is the surface energy and a is the lattice parameter. In terms of this equation, the diffusivity (D (s) ) can be calculated depended on the given dealloying temperature and time. This equation has been adopted for the explanation of coarsening behavior of Au nanoporous structure during the dealloying [23] .
According to the equation, ligament/nanoporous size was affected by many different factors. However, under the same conditions including corrosion medium, temperature and time, the experiment results showed that the ligament/nanoporous size was only affected by surface energy. And the surface energy of Al atom was lower than Ag atom. Thus, the average surface energy decreased with the enlarged amount of Ag content, and lower surface energy would promote the diffusion of the leaving Ag atom and also can provide a facile route to control over the dealloying process and the formation of NPS [24] . Thus, the Ag 35 Al 65 alloys exhibited good effect on the homogeneous diffusion ligament and nanopores size finer than that of Ag 30 Al 70 and Ag 40 Al 60 alloys, and the results were consistent with the SEM results. Ag-Al alloy can form the porous structure, because the alloy elements with high activity can be corroded and dissolved into the solution, then the inert elements with high surface diffusion rate can release, diffuse and recombine in long free path range. The Ag nanoporous structure was obviously coarsened with the increasing of Ag content, from 150-300 nm for Ag 30 Al 70 to 250-500 nm for Ag 30 Al 70 . The values show much higher than nanoporous Ag under the similar dealloying conditions [13] . The result also exhibits good agreement with the difference of the ligament/nanoporous size when one or more factors change.
Effect of Ag content on the energy distribution plot during de-alloying process
There are high-low processes corresponding to smaller and larger time-scales respectively. The time-scale of crystal d can be ranked as an increasing series: d 1 [25] [26] . Moreover, the similar researches can be obtained such as Z. Zhang using the electrochemical noise study with EDP analysis to study the 2024-T3 Aluminum alloy corrosion in simulated acid rain under cyclic wet-dry condition [27] and analysis of pitting corrosion behavior of pure Al in sodium chloride solution with the wavelet technique [28] . He found that the corrosion types of the Al alloys could be separated and corrosion mechanism could be clarified.
Moreover, the EDP results using the fast wavelet transform are shown in Figure 7 . For the Ag 30 Al 70 alloys, it is shown in Figure 7 (a) that the main relative energy feature was mainly accumulated among crystals d 7 -d 8 for the immersion period shorter than 1500s. It corresponded that the electrode surface was mainly undertaking the balance of anodic and cathode reactions. And after 1500s, the relative energy was mainly accumulated among crystals d 6 -d 7 ; the electrode surface might undertake meta stable pitting corrosion. According to the phases in this Ag 30 Al 70 alloy, the main local corrosion form should be the dissolution of Al mainly. As shown in Figure 3 . Al dissolved after dealloying 1500s, leaving the Ag 2 Al phases dissolution, resulting in non-uniform nanoporous structures.
For the Ag 35 Al 65 alloys, it is shown that the main relative energy feature was mainly accumulated among the crystals d 7 -d 8 for the entire immersion period. So the electrode surface was mainly undertaking the uniform corrosion of γ-Ag 2 Al and Al phases. As shown in Figure 3 , the nanoporous structures are uniform for different periods of de-alloying time.
For the Ag 40 Al 60 alloys, it can be seen that the main feature was mainly accumulated among the crystals d 7 -d 8 when the immersion period was shorter than 650s. And after 650s, the relative energy was mainly accumulated among the crystals d 6 -d 7 . So after 650s of immersion, the electrode surface might undertake meta stable pitting corrosion and the susceptibility of pitting was higher. As shown in Figure4, larger Ag 2 Al phases mainly dissolved at different de-alloying time periods, leaving the Al phases dissolution. So the nanoporous structures are coarser. 
CONCLUSIONS
The effect of Al content on the nanoporous during the de-alloying of Ag-Al alloy was successfully investigated. It was observed that for Ag-Al alloys with different Ag contents, all Al and When the Ag content is higher, for Ag 40 Al 60 alloys, the forming mechanism of nanoporous structure were controlled by Ag 2 Al dissolution, existing less nanopores. So when the Al content is up to 65 at%, at the eutectic point, Al and Ag 2 Al phase coexist uniformly, the typical 3D bi-continuous uniform nanoporous structure is successfully developed.
